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(37) ABSTRACT

An electrochemical device having a proton exchange mem-
brane disposed between an anode electrode and a cathode
clectrode, an anode plate adjacent the anode electrode and
forming at least one anode tlow channel, and a cathode plate
adjacent the cathode electrode and forming at least one cath-
ode flow channel, in which a bio-o01l 1s introduced 1nto the at
least one anode flow channel, and a carbohydrate 1s 1ntro-
duced 1nto the at least one cathode tflow channel. The bio-o1l
1s oxidized at the anode, producing the biofuel, and protons
from the anode electrode migrate to the cathode electrode and
are reduced to hydrogen and/or reacted with the carbohydrate

at the cathode, producing hydrogen and carbon-hydrogen
biotuel
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PHOTO-ELECTRO-REFINING OF BI1O-OIL
TO BIOFUEL AND HYDROGEN

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] This invention relates to a method and apparatus for
producing biofuels. In one aspect, this mnvention relates to a
method and apparatus for producing biofuels from bio-o1l, for
example, animal fat. In one aspect, this invention relates to an
clectrochemical method and apparatus for producing biofu-
¢cls. In one aspect, this mvention relates to a photo electro-
chemical method and apparatus for producing biofuels.
[0003] 2. Description of Related Art

[0004] Bio-o1l 1s a biomass-derived synthetic liquid fuel
used as a substitute for petroleum which 1s typically produced
by pyrolysis of biomass. Bi1o-o01l includes bio-crude, which
contains high oxygen content, water, and carboxylic groups.
By way of example, bio-crude could be vegetable o1l, animal
fat, and the like.

[0005] Biofuel 1s a solid, liquid, or gaseous fuel obtained
from relatively recently lifeless or living biological material
and 1s different from fossil fuels, which are derived from long
dead biological materials. Biotuel 1s a clean form of bio-oil
and 1s suitable for direct use.

[0006] Photoelectrochemistry is the study of the interaction
of light (1n particular, radiation 1n the “sunlight™ region, about
87 to 308 klJ/mole or about 0.9 to about 3.2 eV per photon)
with electronic flow and chemical reactions at the electrode
surfaces 1n electrochemical cells. The radiation mnvolved 1n
this process has considerable energy and can be used for the
direct production of electricity, the splitting of water into
hydrogen and oxygen, referred to as photoelectrolysis, and
the treatment of organic species. However, to be practical,
eificient and 1mexpensive systems utilizing readily available
materials must be devised for the conversion process. The
hindrances to practical applications of the system include the
poor stability and low efficiency of the photoelectrode due to
photoelectrochemical reactions 1nvolving photon-electron
transier and recombination, redox exchange and surface cor-
rosion.

[0007] Numerous efforts have been made to enhance the
elficiency and stability of photoelectrochemical cells. The
general approach has been to coat a layer of protective mate-
rials, which may be organic substances, active metal 1ons,
noble metals, light sensitive dyes and more stable semicon-
ductors, such as metal oxides, onto the photoelectrode sur-
face. Recent developments include a thin film dye to sensitize
the semiconductor electrodes in photoelectrochemical cells.

[0008] U.S. Pat. No. 7,037,414 teaches a photoelectro-
chemical cell comprising a light transmaissive enclosure, two
photoelectrodes, a semiconductor photoanode and a semi-
conductor photocathode, disposed within the light transmis-
stve enclosure, and an electrolytic solution disposed entirely
between the photoelectrodes. Because the electrolytic solu-
tion employed in the photoelectrochemical cell 1s limited to a
volume disposed between the photoelectrodes, the sunlight 1s
able to directly shine on the catalyst surfaces of the photo-
clectrodes to produce hydrogen and oxygen, thereby elimi-
nating solar energy losses due to water (electrolyte) sorption;
and because there 1s no thick water (electrolyte) layer
between the sunlight and the catalyst surfaces, the product
gases, hydrogen and/or oxygen, are able to leave the catalyst
surface easily without any restriction imposed by water sur-
face tension. That 1s, the three-phase (gas, solid catalyst and
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liguid electrolyte) area 1s optimized to increase the solar
energy elliciency. The photoelectrodes comprise photo elec-
tro-catalysts are bound together by a polymer electrolyte,
such as NAFION, a perfluorosulionic acid polymer available
from DuPont, to form a catalyst layer. The polymer electro-
lyte performs a multitude of functions including gas separa-
tion, water containment, proton exchanger and water trans-
porter. The 1onomer of the polymer electrolyte 1n the catalyst
layer acts as a capillary channel to transport water to the
catalyst surface and as an electron conductor to transport
clectrons between the two photoelectrodes. In addition, this
tully hydrophilic ionomer helps to distribute water to the
catalyst surface without blocking the incoming solar energy.

[0009] More than 70 different catalytic reactions (oxida-
tions, hydrogenations, dehydrogenations, isomerizations,
decompositions) have been electrochemically promoted on
Pt, Pd, Rh, Ag, Au, Ni, IrO,, and RuQO, catalysts. The solid
electrolytes are O~ conductors, such as YO, stabilized ZrO,,
(YSZ), H™ conductors, such as CaZr,In, 0O, ., and
NAFION®, F~ conductor (CaF,), and the like. Deoxygen-
ation and decarboxylation are rarely reported at high tem-
peratures with big molecules, for example, chains with more
than five carbons. However, in the liquid phase, decarboxy-
lation has been reported. See, for example, U.S. Pat. No.
6,238,543, which teaches a process for electrolytic coupling
of carboxylic acids carried out 1n a polymer electrolyte mem-
brane reactor in which gaseous or neat (1.e. without water)
liquid reactants are used without the use of organic co-sol-
vents while preventing the loss of platinum and permitting the
use of oxygen reduction to water as the cathode reaction. In
this case, the use of a neat organic acid 1s necessary to prevent
oxygen production at the anode electrode. Consequently, the
method disclosed therein, which 1s necessarily carried out at
temperatures less than 120° C. due, among other things, to
limitations of the NAFION electrolyte employed therein and
which requires cell potentials of at least about 3.0 volts,
cannot be used for bio-o01l treatment due to the presence of
about 17% by weight water therein.

SUMMARY OF THE INVENTION

[0010] It 1s one object of this invention to provide an elec-

trochemical method and apparatus for converting bio-oil to
biotuel.

[0011] It1isone object of this invention to provide a method
and apparatus for converting bio-oil to bio-tuel by photo-
clectro-refining using sunlight illumination. These and other
objects of this invention are addressed by an electrochemical
device comprising a proton exchange membrane disposed
between an anode electrode and a cathode electrode, an anode
plate adjacent the anode electrode and forming at least one
anode tlow channel, and a cathode plate adjacent the cathode
clectrode and forming at least one cathode tlow channel, 1n
which a bio-o1l 1s introduced into the at least one anode tlow
channel, and a carbohydrate 1s introduced 1nto the at least one
cathode flow channel. The bio-o01l 1s oxidized at the anode,
producing biofuel, and protons from the anode electrode
migrate to the cathode electrode where they are reduced to
hydrogen and/or reacted with the carbohydrate at the cathode,
producing hydrogen and carbon-hydrogen biofuel in accor-
dance with the following reactions:

At the anode: 2RCOOH+2p"—=R—R+CO,+2H"

At the cathode: 2ZH"+2e H,
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ROH+2H"+2e"—=RH+H,0

where R 1s a C_H O_ group, where m>0, n>0 and x=0.
Exemplary of such groups are the alkyl, alkene, and aryl
groups. In accordance with one particularly preferred
embodiment, the electrochemical device 1s aphotoelectro-
chemical device comprising a photoanode and photocathode
(referred to herein as photoelectrodes) in which energy from
the sun 1s used to produce electrons and holes, oxidize a fat
acid to produce a carbon-hydrogen chain, 1.e. biofuel, at the
photoanode and reduce protons from the photoanode to
hydrogen or reduce the carbohydrates to a carbon-hydrogen
biofuel at the photocathode. In order to overcome oxygen
evolution at the photoanode, a high overpotential catalyst for
oxygen evolution 1s co-deposited on a metal oxide semicon-
ductor to enable the fat oxidation for removing the carboxylic
group. At the photocathode, protons or carbohydrates, e.g.
alcohol, are reduced to produce hydrogen and/or biofuel. The
biofuels are hydrophobic and, thus, can easily be separated

from the hydrophilic reactants.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] These and other objects and features of this mven-
tion will be better understood from the following detailed
description taken 1n conjunction with the drawings, wherein,
[0013] FIG. 1 1s a diagram showing a photo-electro-refin-
ing apparatus in accordance with one embodiment of this
invention;

[0014] FIG. 2 1s a diagram showing a photo-electro-refin-
ing apparatus 1n accordance with another embodiment of this
invention;

[0015] FIG. 3 1s a diagram showing a photo-electro-refin-
ing apparatus in accordance with yet another embodiment of
this invention; and

[0016] FIG. 41s a diagram showing a bio-o1l electro-refin-
ing apparatus 1in accordance with one embodiment of this
invention.

DETAILED DESCRIPTION OF THE PRESENTLY
PREFERRED EMBODIMENTS

Definitions

[0017] Asusedherein, the term “carbon-hydrogen biofuel”
or “hydrogen-carbon biofuel” refers to a fuel derived from
biofuel having little or no oxygen content and few or no
carboxyl groups, and having a higher heat capacity due to
lower oxygen and carboxyl group content than biofuel.

[0018] Overpotential 1s an electrochemical term which
refers to the potential (voltage) difference between a hali-
reaction’s thermodynamically determined reduction poten-
tial and the potential at which the redox event 1s experimen-
tally observed. Due to overpotential, the anode electrode of an
clectrolytic cell 1s more positive, using more energy than
thermodynamically required and the cathode electrode 1s
more negative, using more energy than thermodynamically
required. As the overpotential increases, the electrochemical
reaction becomes more difficult. As used herein, the term
“high overpotential” refers to a condition 1n which the over-
potential 1s more than the overpotential normally observed for
the given reactions. For example, the oxygen evolution ther-
modynamic potential 1s 1.23 V, but requires 1.6 V to obtain
oxygen on Pt (its normal overpotential). Because bio-oil
requires more than 1.6 V to be oxidized, 1n order to prevent
oxygen evolution at voltages greater than 1.6 V, a catalyst

with high oxygen overpotential 1s needed. Thus, with a high
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oxygen overpotential catalyst, the bio-o1l can be oxidized at
2.0V onthe catalystand oxygen 1s only evolved at 2.4 V using
the same catalyst, and 11 the voltage 1s maintained below 2.4
V, the bio-fuel can be produced efficiently, rather than the
mixed reaction of bio-fuel production and oxygen evolution.
[0019] FIG. 1 shows a photoelectrochemical cell employ-
ing a fluidized system for conversion of bio-oil to biofuel 1n
accordance with one embodiment of this invention compris-
ing a proton exchange membrane 10 disposed between an
anode electrode 11 and a cathode electrode 12, both of which
clectrodes are photoelectrodes which respond when exposed
to sunlight, shown as arrows 13 and 14. Disposed adjacent the
anode electrode 1s an anode plate element 15, which 1s light
transmissive, and which forms a plurality of anode flow chan-
nels 16 for receiving bio-oil. Similarly, disposed adjacent the
cathode electrode 1s a cathode plate element 17, which 1s also
light transmissive, and which forms a plurality of cathode
flow channels 18 for receiving carbohydrates. Using a tluid-
1zed system helps to remove products and ameliorate mass
transier limitations.

[0020] In accordance with one embodiment of this mven-
tion, as shown 1n FIG. 2, only one of the electrodes, the anode
clectrode 111, of the electrochemical cell 1s a photoelectrode
exposed to sunlight, and the other electrode, the cathode
clectrode 112, 1s a Pt black electrode. In accordance with yet
another embodiment as shown 1n FIG. 3, the cathode elec-
trode 212 1s the photoelectrode exposed to sunlight and the
anode electrode 211 1s a Pt black electrode. In accordance
with still another embodiment of this invention, neither elec-
trode 1s a photoelectrode as shown 1n FI1G. 4. The key to each
of these systems for bio-o1l treatment 1s the reaction driving
force, which 1s solar power as shown 1in FIGS. 1-3 and exter-
nal electricity as shown in FIG. 4, which could also be pro-
vided by solar cells.

[0021] In accordance with one preferred embodiment of
this invention, the light transmissive anode plate element with
flow channels 1s made from quartz glass, which allows short
wavelength sunlight to pass through, because the anode semi-
conductor has a large energy gap E_, (E_>2 ev). In accordance
with another embodiment, the plate matenal 1s plexiglass.
Similarly, the light transmissive cathodeplate element 1s pret-
erably made from quartz glass. Other light transmissive mate-
rials may also be used to form the anode plate element, and
such materials are deemed to be within the scope of this
invention. The large energy gap materials absorb short wave-
length sunlight, have high corrosion resistance, and have high
oxygen evolution overpotential. Table 1 lists a number of
anode catalyst materials suitable for use 1n this mnvention.

TABL.

L1

1

Examples of high oxvygen overpotential materials

Anode Value (V) Conditions

PbO, 1.9 1 M H,S0,
snO, 1.9 0.5 M H,S0,
T10, 2.2 1 M H,SO,
Ti/boron-doped diamond 2.7 0.5 M H>,S50,

Wide band gap semiconductors, such as T10,, have the appro-
priate band edge energies for fat acid oxidation and have good
photoelectrochemical stability. Under illumination, the
absorption of light by a semiconductor results 1n promotion of
an electron from a lower occupied energy band (the valence
band) 1into a higher unoccupied energy level (the conduction
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band), leaving a hole 1n the valence band upon departure of
the electron. The electron-hole pair can recombine after it
reacts with electrolyte, resulting 1n the conversion of the light
energy to chemical energy.

[0022] The photoelectrodes employed 1n the photoelectro-
chemical cell comprise photo electro-catalyst particles bound
together by a proton exchange polymer or polymer electro-
lyte, such as NAFION® or phosphoric acid doped poly(2,5)
benzimidazole (ABPBI). The electrolyte acts as a gas sepa-
rator, water container, proton exchanger, and water
transporter. The catalyst layer contains 1onomer and n-type or
p-type semiconductors, preferably n-Ti0O, and p-Si1. The
ionomer of the polymer electrolyte 1in the catalystlayer acts as
a capillary channel to transport water to the catalyst surface
and proton conductor to transport protons between the pho-
toelectrodes.

[0023] The photo electro-catalyst employed 1n the photo-
anode for bio-o1l treatment must exhibit high oxygen evolu-
tion overpotential with n-type semiconductor properties.
Suitable catalysts include, but are not limited to, SnO,, PbO.,
T10,,, and Tv/boron-doped diamond. The catalysts may be
modified by the addition of up to about 20% by weight of a
metal or metals, such as Ag, to ensure that the semiconductor
1s an n-type semiconductor with high oxygen evolution over-
potential and to increase the decarboxylation rate of the fat
acid.

[0024] The photo electro-catalyst employed 1n the photo-
cathode 1s a low E_(E <2 ev) p-type semiconductor. H, evo-
lution 1s at low voltage and the photocathode exhibits good
stability at the H, potential. Suitable semiconductors for the

photocathode include, but are not limited to, p-S1, p-CdSe,
P—CdTe, p-InP, and p-CulnSe,,.

[0025] As previously indicated, the anode semiconductor
material 1s selected from the group consisting of T10,, SnQO.,,
PbO,, and combinations thereot to which metal may be added
to ensure that the semiconductor 1s n-type. The anode semi-
conductor may be produced by mixing a semiconductor cata-
lyst with 20% by weight NAFION and 10% by weight
TEFLON® emulsions to form a slurry. A fine nickel mesh 1s
dip-coated with the slurry and room dried, after which the
dried coated mesh 1s sintered, typically at temperatures
greater than about 400° C., depending on the materials. Simi-
larly, on the cathode side, p-S1 powder 1s mixed with 20% by
weight NAFION and 10% by weight TEFLON emulsions to
form another slurry with which a nickel mesh 1s coated. The
coated mesh 1s room dried and then sintered at a temperature
of about 300° C. The anode and cathode electrodes then are
sandwiched with a proton exchange membrane in the middle
and hot-pressed at about 120° C.

[0026] The catalystlayer of the electrodes must be partially
hydrophilic and hydrophobic. Bio-o01l product 1s totally
hydrophobic and bio-o01l 1s partially hydrophilic due to the
presence of the acid COOH group and the carbohydrate OH
group. With the catalyst hydrophilic/hydrophobic properties,
the partial hydrophilic bio-o1l preferably adsorbs on the cata-
lyst surface.

[0027] In accordance with one embodiment of this inven-
tion, semiconductor powders are mixed with NAFION 10no-
mer and TEFLON emulsion to produce a photoelectrode
assembly. This design eliminates light energy loss due to a
thick electrolyte layer. An electrically conductive polymer,
such as polyaniline (PANI) and polypyrrole, may be used as a
binder and electron-conductor layer. The electrically conduc-
tive and proton conductive polymer may be made from polya-

Feb. 24, 2011

niline, which 1s fully protonated, for example, PANI-cam-
phorsulfonic acid (PANI-CSA, ;).

EXAMPLE I

[0028] In this example, a photoanode 1s produced by dis-
solving silver nitrate in water as a 100 ml 1% (W/W) solution
and mixing 0.2 g T10, nto the solution (Ag: 110, (mole ratio)
=1:3). The solution 1s titrated with 1% NaBH_ (0.1 g NaBH,,).
The suspension 1s filtered and washed and the powder dried at
450° C. for about 2 hours. The powder 1s then ground and
mixed with 1sopropanol and water with 20% NAFION and
10% TEFLON emulsion to produce an k. The ik 1s applied
to a nickel mesh, producing a coated nickel mesh, which 1s
then room-dried and heated to 120° C. Similarly, a photocath-
ode may be made using a p-type semiconductor in place of

n-T10,.

EXAMPLE II

[0029] Inthis example, 110, 1s treated with T1Cl, solution,
producing a TiCl,— modified T10,, which 1s sintered at 450°
C. to produce a Ti-rich T10, (n-type) semiconductor powder.
The powder 1s mixed with 1sopropanol and a 20% NAFION
emulsion and 10% TEFLON emulsion to form an 1nk solu-
tion. The ik 1s then applied to a nickel mesh, producing a
photoanode.

EXAMPLE I11

[0030] In this example, the 20% NAFION 1s replaced with

sulfonated polyaniline, 1.e. polyaniline-camphorsulifonic acid
(PANI-CSA, ;). Polyaniline powder 1s mixed with camphor-
sulfonic acid to form PANI-CSA,, ., which 1s then dissolved
in m-cresol. The solution 1s then added to T10, powder to
form an ik (70% semiconductor catalyst and 20% PANI-
CSA, ; and 10% TEFLON emulsion).

EXAMPLE IV

[0031] Inthis example, dye 1s applied to the photosensitive
semiconductor powders to increase light absorption. Porphy-
rins are one of the photosensitizers. Zinc tetraphenylporphy-
rin 1s dissolved in 1sopropanol with water and mixed with the
ink of Examples 1 or 2, resulting in dye being embedded in the
semiconductor powders.

[0032] While in the foregoing specification this invention
has been described 1n relation to certain preferred embodi-
ments thereol, and many details have been set forth for pur-
pose of 1llustration, 1t will be apparent to those skilled 1n the
art that the invention 1s susceptible to additional embodiments
and that certain of the details described herein can be varied
considerably without departing from the basic principles of
the mvention.

What 1s claimed 1s:

1. A method for producing a biotuel with an electrochemi-
cal device comprising a proton exchange membrane disposed
between an anode electrode and a cathode electrode, an anode
plate adjacent said anode electrode and forming at least one
anode flow channel between said anode plate and said anode
clectrode, and a cathode plate adjacent said cathode electrode
and forming at least one cathode tflow channel between said
cathode plate and said cathode electrode, the method com-
prising the steps of:

introducing a bio-o1l into said at least one anode flow

channel;
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introducing a carbohydrate into said at least one cathode

flow channel;

oxidizing said bi1o-o1l, producing said biofuel;

migrating protons from said anode electrode to said cath-

ode electrode, producing migrated protons; and

at least one of reducing said migrated protons to hydrogen

and reacting said migrated protons with said carbohy-
drate, producing hydrogen and carbon-hydrogen bio-
fuel.

2. The method of claim 1, wherein said electrochemical
device 1s powered by one of solar power and external elec-
tricity.

3. The method of claim 2, wherein said external electricity
1s generated using solar cells.

4. The method of claim 1, wherein at least one of said anode
clectrode and said cathode electrode 1s a photoelectrode.

5. The method of claim 4, wherein at least one of said anode
plate and said cathode plate 1s light transmissive.

6. The method of claim 4, wherein said photoelectrode
comprises a photo electro-catalyst and an electrically conduc-
tive and proton conductive polymer.

7. The method of claim 6, wherein said photo electro-
catalyst comprises an 1onomer and one of an n-type semicon-
ductor and a p-type semiconductor.

8. The method of claim 1, wherein said photoelectrode 1s a
photoanode and said photo electro-catalyst comprises a com-
pound selected from the group consisting of PbO,, SnO,,
T10,, Ti/boron-doped diamond, and combinations thereof.

9. The method of claim 7, wherein said n-type semicon-
ductor 1s n-T10, and said p-type semiconductor 1s p-Si.

10. The method of claim 8, wherein said photo electro-
catalyst comprises up to about 20% by weight of a metal.

11. An electrochemical device comprising:

a proton exchange membrane disposed between an anode

electrode and a cathode electrode;
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an anode plate adjacent said anode electrode and having at
least one anode tlow channel oriented toward said anode
electrode:

a cathode plate adjacent said cathode electrode and having,
at least one cathode flow channel oriented toward said
cathode electrode;

at least one bio-o01l disposed within said at least one anode
flow channel; and

at least one carbohydrate disposed in said at least one
cathode tlow channel.

12. The electrochemical device of claim 11, wherein at
least one of said anode electrode and said cathode electrode 1s
a photoelectrode.

13. The electrochemical device of claim 12, wherein at
least one of said anode plate and said cathode plate 1s light
transmissive.

14. The electrochemical device of claim 12, wherein said
photoelectrode comprises a photo electro-catalyst and an
clectrically conductive and proton conductive polymer.

15. The electrochemical device of claim 14, wherein said
photo electro-catalyst comprises an ionomer and one of an
n-type semiconductor and a p-type semiconductor.

16. The electrochemical device of claim 14, wherein said
photoelectrode 1s a photoanode and said photo electro-cata-
lyst comprises a compound selected from the group consist-
ing of PbO,, SnO,, T10,, Ti/boron-doped diamond, and com-
binations thereof.

17. The electrochemical device of claim 15, wherein said
n-type semiconductor 1s n-110, and said p-type semiconduc-
tor 15 p-Si.

18. The electrochemical device of claim 16, wherein said
photo electro-catalyst comprises up to about 20% by weight
ol a metal.
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